Introduction
Nowadays, almost everyone starts the day by drinking a cup of coffee, in which the main ingredient is caffeine (1,3,7-trimethylxanthine) . This alkaloid is one of the most consumed neuroactive substance in the world [1] . Caffeine is naturally present in many plants, e.g. coffee beans, cocoa beans, cola nuts, berries and leaves of coffee, cocoa and tea (yerba mate). In industry caffeine is obtained by decaffeination of natural products or by de novo chemical synthesis [2] . The most common sources of caffeine are energy drinks, coffee (~192 mg/cup), tea (~70 mg/ cup) cola (~40 mg/cup), cocoa (one cup ~5 mg/cup) or chocolate [3] . Typical consumption of coffee for adults is about 1-2 cups of coffee per day (100-300 mg of caffeine). Moreover, caffeine may be absorbed from various cosmetics and pharmaceutical preparations such as pain remedies or creams ( Figure 1 ). Researches have studied the effect of caffeine on the human body for many decades. Caffeine readily crosses the blood-brain barrier, because it is both water-soluble and lipid-soluble. After reaching the brain, caffeine works primarily as a competitive antagonist of adenosine receptors, since it exhibits structural similarity to adenosine molecule [4] . On the one hand caffeine stimulates central nervous system, autonomic hypothalamus, medulla and brain cortex [5] , improves the respiratory and vasomotor center, enhances smooth muscle of blood vessels, improves concentration, and decreases drowsiness. On the other hand, caffeine exerts a negative impact on long-term memory, which is mainly caused by the inhibition of neurogenesis in the hippocampus. It also increases feelings of anxiety and fear due to anxiogenic properties [6, 7] .
Several studies have also reported effects of caffeine at the cellular level, including the induction of apoptosis, blockage of DNA repair systems and inhibition of the synthesis of DNA and proteins [7, 8] . Moreover, caffeine increases the antitumor properties of cisplatin in human cells. Caffeine-assisted chemotherapy has been used in the treatment of osteosarcomas [9] . In addition, this alkaloid is consistently associated with decreasing the risks of many cancers, including liver cancer, ovarian, skin, breast cancer and glioma, and creates opportunity to use its anticancer effect in therapy [5] . It has been documented that caffeine also affects the cell cycle progression, perturbs cell cycle regulatory proteins and induces programmed cell death [1] . Furthermore, low concentrations of caffeine exert positive effect on cell viability and prevent macrophage apoptosis [10] . Differently, higher concentrations of caffeine have been shown to induce cell death in several cell lines, eg. human umbilical vein endothelial cells HUVEC [4] , human neuroblastoma cells SK-N-MC [11] , human A549 lung adenocarcinoma [12] and HeLa [8, 13] . Caffeine can induce apoptosis via down-regulation of the expression of anti-apoptotic protein Bcl-2, but is also associated with increasing either caspase-3 expression [4] or the caspase-3 enzyme activity [11] . In addition, caffeine initiates proteasomal degradation of cyclin B1 and directly inhibits activity of anti-apoptotic protein PAK1 [13] . Other molecular targets for caffeine are tumor suppressor protein p53 and ATM/ATR kinases, which are required to repair DNA damage [1] .
Microfilaments (actin filaments), microtubules and intermediate filaments are the major components of the cytoskeleton. Actin cytoskeleton is a critical player in many cellular functions, ranging from cell motility and the maintenance of cell shape and polarity to the regulation of transcription [14, 15] . Microtubules are responsible for cell division (mitosis and meiosis) including the formation of mitotic spindles, organization of intracellular structure, and intracellular transport. Intermediate filaments which provide mechanical support for the plasma membrane when it comes into contact with other cells or with the extracellular matrix. Several studies have indicated that the reorganization of cytoskeleton plays an important role in the initiation and realization of apoptosis [16] .
The knowledge on the effects of caffeine on changes in cytoskeleton organization is very poor. In the present study we investigated the effect of caffeine on the main proteins of cytoskeleton: vimentin, β-tubulin, F-actin and lamins. Besides, changes in cell viability and induction of cell death, changes in the morphology and the ultrastructure of human non-small cell lung cancer cell lines H1299 have been evaluated.
Material and Methods

Cell culture and treatment
Human non-small cell lung cancer cell line H1299 was purchased from American Type Culture Collection (Manassas, VA, USA). The cells were cultured as a monolayer at 37ºC in a humidified CO 2 incubator (5% CO 2 ) in RPMI 1640 (Lonza, Verviers, Belgium) supplemented with 10% FBS (fetal bovine serum; Gibco, Life Technologies Corp., Carlsbad, CA, USA) and 50 mg mL -1 of gentamycin (Sigma-Aldrich, St. Louis, MO, USA). Caffeine was dissolved in deionized water to make a stock solution of 200 mg mL -1 and stored at +4ºC until use. Logarithmically growing H1299 cells were harvested and seeded on 6-or 12-well culture plates for further studies. After overnight proliferation, the adherent cells were incubated with caffeine at a final concentrations of 10 or 20 mM L -1 for 24 hours. Control cells were incubated under identical conditions, without the addition of caffeine.
Cell death analysis
Cell death analysis was performed according to the manufacturer's protocol and as described previously [17] 
Mayer's hematoxylin staining
For hematoxylin staining, the cells were cultured on glass coverslips. After fixation with 4% paraformaldehyde (Serva, Heidelberg, Germany) for 20 minutes and washing with PBS (3 x 5 minutes), the cells were stained with Mayer's hematoxylin for 5 minutes, washed in tap cold water (10 min), distilled water (3 x 5 min) and then blued using PBS. The preparations were mounted in Aqua-Poly/Mount (Polysciences Inc.) and analyzed using the Eclipse E800 microscope (Nikon) equipped with DS-5Mc-U1 CCD camera (Nikon) and NISElements image analysis system (version 3.30; Nikon).
Fluorescence staining of ß-tubulin, vimentin, lamin A/C and F-actin
For β-tubulin labeling, the H1299 cells grown on round glass coverslips were prefixed for 10 minutes with bifunctional protein crosslinking reagent DTSP (1 mM L -1 3,30-dithiodipropionic acid; Sigma-Aldrich, St. Louis, MO, USA) which was diluted 1:50 in HBSS (Hanks' Balanced Salt solution; Sigma-Aldrich, St. Louis, MO, USA). Then, the cells were pre-extracted with Tsb [0.5% Triton X-100 (Serva, Heidelberg, Germany) in MTSB with the addition of DTSP (dilution 1:50) (microtubule stabilizing buffer: 1 mM L -1 EGTA, 10 mM L -1 PIPES, 4% poly(ethylene glycol); SigmaAldrich, St. Louis, MO, USA) for 10 min and rinsed with TsB (5 min)]. After fixation with 4% paraformaldehyde (Serva, Heidelberg, Germany) in MTSB for 15 minutes, the cells were washed with PBS (3x5 min) and incubated with 1% BSA (bovine serum albumin; Sigma-Aldrich, St. Louis, MO, USA) diluted in TBS (Tris-buffered saline) for 15 minutes. β-tubulin was labeled using a mouse monoclonal antibody against β-tubulin (Sigma-Aldrich, St. Louis, MO, USA) diluted 1:65 in 1% BSA-TBS (1 h in moist chamber).
For vimentin and lamin A/C staining the cells were fixed with 4% paraformaldehyde (Serva, Heidelberg, Germany) for 20 minutes, washed with PBS (3 x 5 minutes) and incubated with 0.25% Triton X-100 (Serva, Heidelberg, Germany) for 5 minutes. Then, the cells were blocked with 1% BSA (bovine serum albumin; Sigma-Aldrich) for 20 minutes. Labeling of vimentin and lamin A/C was performed using a mouse monoclonal antibody specific for vimentin and lamin A/C (Sigma-Aldrich, St. Louis, MO, USA) diluted 1:50 and 1:100 in 1% BSA, respectively (1 h in moist chamber). Then, the cells were rinsed three times for 5 minutes with PBS and incubated with goat anti-mouse secondary antibody TRITC diluted in PBS 1:85 for 1 h (Sigma-Aldrich, St. Louis, MO, USA). Phalloidin/Alexa Fluor 488 diluted 1:20 in PBS (20 minutes) was used for F-actin labeling. The cells were counterstained using DAPI (diluted 1:20,000; Sigma-Aldrich, St. Louis, MO, USA) for 10 min. Finally, the cells were washed with PBS (3 x 5 minutes) and mounted with Aqua-Poly/ Mount (Polyscience). Changes in the organization and localization of β-tubulin, lamin A/C, vimentin and F-actin were examined using Nikon Eclipse E800 fluorescence microscope (Nikon; Tokyo, Japan) and NIS-Elements 4.0 software (Nikon).
Transmission electron microscopy
For the examination of cellular changes at the ultrastructural level, the cells were fixed with 3.6% glutaraldehyde in cacodylate buffer for 60 min, post-fixed with OsO4 in the same buffer, dehydratated with series alcohol and acetone washes, and finally embedded in Epon 812 resin (Roth, Karlsruhe, Germany) with the addition of hardeners (DDSA, MNA; Roth, Karlsruhe, Germany) and accelerator (Roth, Karlsruhe, Germany). Selected parts of material were cut into ultra-thin sections by using OmU3 ultramicrotome (Reichert) and placed on copper grids (Sigma-Aldrich, St. Louis, MO, USA). Thin section were then stained with 1% uranyl acetate (Ted Pella, Inc.; Redding, CA) and lead citrate (Ted Pella, Inc). The preparations were examined using the JEM 100 CX electron microscope (Jeol).
Statistical analysis
The nonparametric Mann-Whitney U test was used for statistical analysis of differences between doses of caffeine. The results were considered significant at p<0.05. Statistical analysis was carried out by using GraphPad Prism (version 5.0; GraphPad Software).
Results
Caffeine induces morphological changes
As shown previously by Jang et al. [11] caffeine induces changes in the morphology of cancer cells. Here, we investigated morphological changes at the level of both light and transmission electron microscopy. We estimated that 10 mM L -1 caffeine increased the formation of giant, multinucleated cells ( Figure 2B ). The enlarged mono-and/or multinucleated cell has been considered as a characteristic features of mitotic catastrophe. Furthermore, caffeine at 20 mM L -1 concentration resulted in the occurrence of shrunken cells with condensed chromatin, which were consistent with the morphological features of apoptosis ( Figure 2C ; Figure 3E ). The electron microscopy analysis confirmed the occurrence of both cellular phenotypes. Furthermore, we observed swollen mitochondria with disordered or lost cristae as a result of caffeine treatment ( Figure 3D ). Moreover, in cells treated with caffeine, a small population of cells possessed vacuoles in the cytoplasm, some of which were filled with cellular material at various stages of degradation were also seen ( Figure 3C ,F).
Caffeine induces apoptotic cell death in a dose-dependent manner
Many authors indicated that caffeine may induce the cell death in cancer cells [11, 12, 18] . Morphological studies on the cells can be used to indicated cells that could be undergoing the process of cell death. Cells with hallmark characteristic for apoptosis and mitotic catastrophe were observed. In order to confirm the results obtained by others and by our microscopic observations that caffeine treatment can induce apoptosis, we performed the quantitative analysis of caffeine-induced cell death using annexin V/propidium iodide double staining. As shown in Figure 4 , the percentage of apoptosis was increased after the exposition of H1299 cells to caffeine in a concentration-dependent manner. After caffeine treatment the number of annexin-positive cells increased, in comparison to the control, from0.42% to 4.42% and 12.45% for 10 and 20 mM L -1 caffeine, respectively ( Figure 4B) . In H1299 cells, there was a statistically significant decrease in the percentage of live cells in comparison to the control (from 95.66% to 86.41%, P=0.0286) following treatment of cells with caffeine ( Figure 4A ). Moreover, in cells treated with caffeine, a small population of cells possessed vacuoles in the cytoplasm, some of which were filled with cellular material at various stages of degradation were also seen ( Figure 3C,F) .
Effect of caffeine on the organization of cytoskeleton
Due to significant alterations in the morphology of H1299 cells and death induction caused by caffeine treatment we investigated the caffeine-dependent organizational changes of major cytoskeletal proteins (actin, β-tubulin, vimentin and lamin A/C). It is wildly known that cytoskeletal proteins respond to stress conditions through conformational changes. This study for the first time shows effects of caffeine on the cytoskeleton. In control cells, arrangement of F-actin tension fibers was observed ( Figure 5A , C). After 10 and 20 mM L -1 caffeine treatment, the loss of F-actin tension fibers was observed, mostly in giant multinucleated cells. Moreover, in these cells, F-actin cytoskeleton was characterized in the form of diffuse cytoplasmic labeling with intensely labeled cytoplasmic aggregates or small F-actin polymers ( Figure 5D, F) . Reorganization of actin filaments was observed in cells showing apoptotic features. In these cells, nuclear fragmentation accomplished by depolymerized F-actin was noticed ( Figure 5G, I ). In contrast, the shrunken cells with condensed chromatin possessed different pattern of F-actin labeling. In these cells, F-actin was found in the form of ring-like structures at the cell periphery and was characterized by weak fluorescence signal ( Figure 5 G, I ).
In addition to F-actin staining, the immunofluorescence labeling of β-tubulin was performed using specific antibodies. Caffeine-treated cells were characterized by much more intense β-tubulin staining, as compared to the control. Furthermore, in the H1299 cells exposed 
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to caffeine, the β-tubulin staining revealed significant thickening of the microtubule bundles. This effect was particularly evident in the giant multinucleated cells, which were characterized by extensive thickening of microtubules that appeared as elongated bundles ( Figure 6D-F) . In contrast, the shrunken cells, in which nuclear fragmentation was noticed, exhibited microtubule depolymerization and co-existed with the depolymerization of F-actin ( Figure 6G-I) .
The organizational changes of vimentin were visualized by immunofluorescence using specific antibodies. In the control cells, the vimentin cytoskeleton was visible as well-developed, regular networks consistently distributed throughout the cytoplasm and in the form of thin rings around the nuclei (Figure 7A-C) . Significant heterogeneity in morphology and the arrangement of vimentin was seen in cells exposed to caffeine. In some of them, caffeine treatment resulted in the formation of diffuse vimentin network but sometimes intense fluorescent staining throughout the cytoplasm was seen. This lack of a regular filament scaffold was observed especially in the cells without visible morphological changes ( Figure 7D-I) . In the population of giant cells, a well-developed network of vimentin filaments is seen ( Figure 7D'-F') . Besides, parts of the enlarged cells exhibited diffuse, less visible cytoplasmic staining as well as the lack of perinuclear vimentin staining ( Figure 7G-I) . Additionally, caffeine treatment resulted in formation of cells with long processes, which were labeled by both F-actin and vimentin ( Figure 7D-F) .
In contrast, fluorescence observations of lamin A/C revealed that caffeine treatment had a minimal effect on the organization of this cytoskeletal protein. The changes were only observed in the giant cells with mitotic catastrophe phenotype and were associated with a slight increase in the cytoplasmic intensity of lamin 
Discussion
Lung cancers have remained the leading cause of cancer-related mortality in the world. This cancer is largely associated with its resistance to current chemotherapeutic strategies. Therefore, there is a need to study and develop novel drugs for lung cancer, especially those that are part of the daily diet and may potentially complement conventional chemotherapy or can be successfully administered to patients as a single agent. To our knowledge, this is the first paper that investigates the effects of caffeine on the organizational changes of main cytoskeletal proteins during the cell death process in the in vitro model of non-small cell lung cancer.
Caffeine is an alkaloid, which is a major component of many popular drinks like coffee, cola or tea. It is one of the most widely consumed neuroactive substances in the world [1] . Due to its ability to inhibit carcinogenesis in cultured cells and animal models of cancer, caffeine is an attractive dietary ingredient [19] . Furthermore, Lou et al. have suggested that another characteristic feature of caffeine is the ability to inhibit UVB-induced skin cancer in mice [20] . Moreover, it has been shown that the high concentration of caffeine enhances the toxicity of radiation treatment and enhance the sensitivity of cancer cells to cytostatic drugs [8] . Recent studies showed that various concentrations of caffeine can induce apoptosis in several human cancer cell lines. Jang et al. have observed that caffeine . The lack of a regular filament scaffold was observed (arrows I) and in the population of giant cells, a well-developed networks of vimentin filaments were noticed (arrows II). In the part of enlarged cells diffuse, less visable cytoplasmic staining as well as the lack of perinuclear vimentin staining were observed (arrows III). The long cell processes, which were labeled by both F-actin and vimentin were observed (arrows IV). Bar=50 µm.
at concentration of 10 mM L -1 exerts a cytotoxic effect on human neuroblastoma SK-N-MC cell line and results in their apoptotic death induction [11] . Qi et al. have reported that 5 mM L -1 caffeine increased apoptosis in human A549 lung adenocarcinoma cells [12] . It has also been shown that 4 mM L -1 caffeine triggered apoptosis in human pancreatic adenocarcinoma cells [18] . Moreover, Dai et al. have revealed that caffeine treatment elevates apoptosis in human leukemia cells, HL-60 and U937 via mitochondrial damage [21] . The study presented here is in agreement with above cited results. In our experimental conditions, caffeine influenced the viability and induced apoptosis in human non-small lung cancer H1299 cell line. We showed that caffeine treatment resulted in the increase of apoptotic cells in a dosedependent manner and this changes were accompnied with some organizational changes in the cytoskeleton. Furthermore, we demonstrated that the caffeine caused changes both in morphology and ultrastructural of H1299 cell line. Jang et al. have presented that caffeine causes various morphological anomalies in different cell line (eg. SK-N-MC). They have shown increased cell rounding, nuclear condensation and cytoplasmic blebbing upon 10 mM L -1 caffeine treatment [11] . Our transmission electron microscopy study showed the appearance of apoptotic cells with swollen mitochondria and chromatin condensation. Our data revealed that the treatment of H1299 cells with caffeine resulted in formation of two cell populations. After the incubation with 10 mM L -1 and 20 mM L -1 caffeine we observed the giant mono-or multinucleated cells with features characteristic of mitotic catastrophe. Castedo et al. and Portugal et al. have classified this type of cell death to be caused by aberrant mitosis [22, 23] . It has been pointed that caffeine influences cell cycle and promotes apoptosis in mitotic spindle checkpoint-arrested cells [1, 13] . It has also been reported that mitotic catastrophe is one of the potential strategy of death in cells that lack the p53 gene expression [23] . The H1299 cell line has been reported to have a homozygous partial deletion of the p53 gene [24, 25] . Thus, considering these published results and our microscopy observations, we suggest that caffeine induces cell death caused by aberrant mitosis in non-small lung H1299 cell line. On the other hand, in our experiments, caffeine at a concentration of 20 mM L -1 induced hallmarks of apoptosis. The second aim of our study was to determine the influence of caffeine on the organizational changes of the cytoskeleton in H1299 cells. The main proteins of cytoskeleton, such as β-tubulin, F-actin and vimentin, play important roles in many processes that regulate cell survival [26, 27] . The alterations in their functioning can lead to the disturbance of the cell homeostasis and direct cells to programmed cell death. In our study changes in F-actin, microtubule and vimentin cytoskeleton were observed. Our results showed that the treatment of H1299 cells with caffeine caused depolymerization of actin filaments in apoptotic cells. Besides, the cells with F-actin in the form of ring-like structures at the cell periphery were also observed. Differently, the cells with morphology of mitotic catastrophe were characterized by F-actin network in the form of diffuse cytoplasmic labeling characterized by intensely labeled small aggregates of cytoplasmic F-actin. The reorganization of F-actin network after the treatment with caffeine corresponded with the change in shape of non-small cell lung cancer cells. The characteristic form of concentrated β-tubulin in the cell is their localization, e.g. in microtubuleorganizing centers (MTOCs). Microtubule networks are also involved in organelle transport and chromosome segregation [28] . Our data demonstrated that the 24 h In the giant cells with mitotic catastrophe phenotype, changes in lamin A/C were associated with a slight increase in the cytoplasmic intensity of lamin A/C immunofluorescence as well as an increase in their nuclear punctate staining (arrows I). Bar=50 µm.
incubation of H1299 with caffeine at the concentration of 10 and 20 mM L -1 revealed significant thickening of microtubule bundles which was particularly evident in the giant multinucleated cells. On the other hand, in shrunken cells depolymerization of β-tubulin was observed. We suggest here that the abnormalities in β-tubulin that were noticed after caffeine treatment may contribute to alterations in mitotic spindle formation and as consequence lead to the formation of multinucleated cells. Similarity, Pawlik et al. showed that the incubation of H1299 cells with Phenethyl isothiocyanate (PEITC), an easily accessible component of diet as caffeine, also resulted in rearrangement of tubulin and actin [29] .
The intermediate filaments are responsible for supporting the position of the organelles in the cytoplasm [30] . Our fluorescence microscopy observations of vimentin have revealed that the treatment of H1299 cells with caffeine caused an intensive depolymerization of this protein. In the present study, the cells following treatment with caffeine also were characterized with the presence of long cell processes, which were therefore intensely labeled by F-actin and vimentin. These structures are involved in cellular migration, which is an important perquisite for metastatic dissemination of cancer cells [31, 32] , but also indicates the loss of cellcell contact in epithelial cells. Furthermore, the increase in their length may be due to processes of 'contact searching' between adjacent cells.
The lamins play critical roles in the protection of the nucleus and are also responsible for the organization of chromatin, transcription, replication, tumorogenesis, nuclear migration and apoptosis [33] . One of the characteristic features of mitotic catastrophe is spontaneous premature chromosome condensation (SPCC), which it is due to the premature entry into mitosis [34] . The study performed by Rybaczek and Kowalewicz-Kulbat showed that caffeine treatment induce premature chromosome condensations in HeLa cell line [35] . In our studies, we observed that caffeine treatment causes an increase in nuclear punctate staining of lamin A/C in cells with mitotic catastrophelike phenotype, especially after treatment of cells with 10 mM L -1 caffeine. This fact confirms the participation of these proteins in nuclear envelope formation and the process of micronucleation occuring during mitotic catastrophe.
In conclusion, this study, for the first time, presented that caffeine-induced effects on the cytoskeleton of non-small cell lung cancer cells, and its impact on the induction of cell death on two different nodes: apoptosis and mitotic catastrophe. However, clinically potential apoptotic cell death were more evident after high-dose caffeine treatment. Moreover, caffeine being a component of our diet and its ability to induce organizational changes in the cytoskeleton, especially in F-actin and microtubules, makes it a powerful anticancer agent that should be considered during non-small cell lung cancer treatment. 
